Near-single-cycle mid-infrared pulses with a spectrum covering 5.4-11 μm are efficiently frequency-doubled in different GaSe crystals. The second-harmonic spectrum spans 3-4.3 μm at a power conversion efficiency of >20%. We measure an effective nonlinear coefficient of d eff ≈ 35 pm∕V. We also report on self-phase modulation and spectral broadening of the mid-infrared pulses in various bulk materials and find an increase of 45% of spectral width for 5 mm of Ge. These results demonstrate that nonlinear optical conversions can efficiently be driven by few-cycle mid-infrared radiation.
The outstanding coherence of laser radiation affords an exceptional control over the electric field of light at the level of the optical cycles. Of particular interest are waveform-controlled, few-cycle pulses with field strengths on the order of the atomic Coulomb field, ∼0.1 V∕Å. Such pulses enable the study of quasiparticles and nonperturbative nonlinear optics in crystals [1] [2] [3] or gases [4] [5] [6] , the all-optical control of electron beams [7] [8] [9] [10] , or field-resolved spectroscopy of molecular vibrations [11] [12] [13] . However, mid-infrared laser sources often do not operate at appropriate central wavelengths or enough coherent spectral width for such experiments. In particular, realizing waveform-controlled single-cycle pulses with a simultaneous spectral coverage below and above ∼5 μm, the transparency threshold of oxide crystals [14] remains a challenge.
In this Letter, we report efficient second-harmonic generation (SHG) and self-phase modulation (SPM) of few-cycle pulses in the long-wave mid-infrared region of the optical spectrum around 5-11 μm. These results advance earlier findings made with picosecond pulses from free-electron lasers [15] or CO 2 lasers [16, 17] into the regime of broadband waveformcontrolled pulses from femtosecond lasers and demonstrate the feasibility of few-cycle nonlinear optical conversions with mid-infrared radiation. The SPM results expand earlier findings with supercontinuum generation [18, 19] to the regime of simple and direct spectral broadening without filament formation and cascaded nonlinear optics.
The mid-infrared pulses used for our experiments are obtained from a non-collinear optical parametric amplifier composing white-light seed generation and broadband parametric amplification of the near-infrared part around 1200 nm followed by type-I difference frequency mixing with the 1030 nm pulses from the driving laser (Pharos PH1-20, Light Conversion) [20] . The output mid-infrared pulses have a pulse energy of 400 nJ at a repetition rate of 50 kHz and a central wavelength of 7 μm. The spectrum covers 5.4-11 μm (27.3-55.5 THz) at −20 dB intensity, and the ultrashort electric field has a pulse duration of ∼34 fs or ∼1.4 optical cycles (intensity full width at half-maximum [FWHM]). Figure 1(a) shows an electro-optic sampling measurement, made with a 20 μm thick GaSe crystal and 12 fs visible probe pulses from a supercontinuum source [20] of the electric field, as it enters our optical setup. Figure 1 (b) depicts the experiment. The few-cycle mid-infrared pulses are focused and re-collimated by off-axis parabolic mirrors (f 50.8 mm, MPD129-M01, Thorlabs) and then sent to diagnostics. In the focus, we measure a beam diameter of ∼84 μm (1∕e 2 of the intensity), measured with a Si microbolometer array (WinCamD-FIR2-16-HR, Dataray). Therefore, the pulses have a peak intensity of ∼400 GW∕cm 2 and a peak field strength of ∼1.7 GV∕m or 0.17 V/Å. The output spectra after the nonlinear optical interaction are measured with a Fourier-transform infrared spectrometer (L-FTS, LASNIX), and the power is detected with a thermopile absorption sensor (PS19, Coherent). A sapphire filter is used in some of our experiments to filter out unwanted spectral components.
In a first experiment, we report on SHG. We choose GaSe as the nonlinear crystal, because of its rather high optical nonlinearity of ∼50 pm∕V [21] and its broadband transparency range (0.7-18 μm) [22, 23] . We investigate two different crystal thicknesses, 250 and 465 μm, measured by optical interferometry and femtosecond group delay measurements. The crystal main axis is tilted by ∼33°with respect to the optical axis in order to satisfy type-I phase matching at an internal angle of 11°a fter refraction. In this geometry, the temporal walk-off is 10 fs for the 250 μm GaSe and 20 fs for the 465 μm GaSe, and the spatial walk-off is 54 mrad. The crystal is moved along the beam propagation direction in order to maximize the second-harmonic output power. A 1 mm sapphire plate filters away the remaining input mid-infrared radiation. The second-harmonic pulses are then sent to diagnostics. Figure 2 depicts the results. The input spectrum to be frequency-doubled is shown in Fig. 2(a) , covering the spectral range between 5.4-11 μm at −20 dB intensity. The dashed line shows the calculated phase-matching function jsincΔk∕2j 2 for 250 μm of GaSe at the experimental tilt angle. In Figure 2 (b), the dotted curve, shows the corresponding second-harmonic spectrum that could be expected from a thin (250 μm) GaSe crystal. However, the electro-optic sampling data of Fig. 1 (a) reveal some residual second-order dispersion of ∼ −100 fs 2 and a substantial third-order dispersion of ∼15700 fs 3 of the input pulses and, therefore, a non-Gaussian shape in time. In the frequency domain, components at the wings of the input spectrum are less well compressed than the central part. Pulses with third-order dispersion, therefore, have a narrower second-harmonic spectrum than expected from the phase-matching limit [24] .
The blue solid line shows the measured SHG spectrum for the 465 μm GaSe crystal and the violet dashed-dotted line shows the measured spectrum for the 250 μm crystal. Both spectra, indeed, are somewhat narrower than the expectation for non-chirped input pulses, but the spectral bandwidth at −20 db is still 3-4.3 μm for the 465 μm crystal and 2.8-4.4 μm for the 250 μm crystal. A further improvement is expected from controlling the higher-order dispersion, for example, with state-of-the-art infrared multilayer optics [25] . Figure 2 (c) shows the output power as a function of input power (pulse energy). For both the 465 μm GaSe crystal (blue dots) and the 250 μm crystal (violet dots), we see a characteristic quadratic increase with pump power. Due to walk-off effects, back-conversion, third-order nonlinearities or multiphoton absorption by impurities or dislocations, saturation effects become observable above 15 mW of pump power for the 465 μm crystal and above 20 mW for the 250 μm crystal. A maximum output power of 4 mW was achieved with the 465 μm crystal after the sapphire filter. This value corresponds to a pulse energy of 80 nJ, a power conversion efficiency of 20%, and a quantum efficiency of 10%, from before the GaSe to after all filters of the experiment.
In order to determine the absolute conversion efficiency inside the GaSe crystal, we consider the Fresnel losses of the input mid-infrared pulses at the crystal's front surface (reflectivity ∼21% at 7 μm wavelength) and the losses of the secondharmonic pulses at the back surface (reflectivity ∼17% at 3.5 μm wavelength). The sapphire filter has a total transmission of ∼87% at 3.5 μm wavelength. In principle, all these losses can be avoided by using proper anti-reflection coatings, but those were not at our disposal at the time of the experiment. If avoiding the interface losses, the second-harmonic power with the 465 μm crystal would be 5.5 mW, the power conversion efficiency would be 35%, and the quantum efficiency would be 18%. These values allow us to estimate the effective nonlinear coefficient d eff in our experiment. Taking into account the beam size at the focus, the phase-matching condition, and the crystal length, we obtain ∼35 pm∕V, with an estimated error of 20%. This result is a lower limit due to the potential contributions of temporal and spatial walk-off. The measured d eff compares to previous results obtained with nanosecond [26] and sub-nanosecond [21] lasers and shows that GaSe maintains its beneficial nonlinearity when entering the fewcycle regime of pulses with close to octave-broad spectra. Figure 3(a) shows the far-field beam profile of the incoming mid-infrared pulses, measured with a pyroelectric array camera (Pyrocam IIIHR, Spiricon, Ophir Photonics). Figures 3(b) and 3(c) show the beam profiles of the second-harmonic pulses from the 250 and 465 μm GaSe crystals after the sapphire filter and beam collimation. We see that the second-harmonic beam sizes are smaller than the input beam size by a factor of about ffiffi ffi 2 p , as expected. The slight asymmetry in Fig. 3(c) is probably caused by spatial walk-off (54 mrad) or the onset of cascaded processes in the thicker crystal.
The fundamental mid-infrared pulses driving our experiments have a passively stable carrier-envelope phase (CEP) [20] and the second-harmonic pulses should therefore also be CEP-stable. The fundamental and second-harmonic pulses are therefore suitable for coherent short-pulse synthesis [27, 28] . Figure 4 shows the calculated Fourier-limited pulse shape and electric field when assuming a combination of the measured fundamental spectrum with the measured SHG output (465 μm crystal) at the measured power ratio of roughly 5∶1. We suppose equal polarization and CEP to produce cosine-like pulses. The relative delay is assumed to be zero [27, 28] . The result, plotted in Fig. 4(b) is an electric field with merely 0.7 optical cycles within a FWHM pulse duration of 12 fs. With a hypothetical 2λ focus diameter, the peak electric field could reach >10 GV∕m or 1 V/Å. The central peak's electric field is >2.3 times stronger than any neighboring optical cycles. Such an ultrashort synthesized light field, obtainable with one single and simple SHG stage, could probably be useful for high-field physics or ultrabroadband spectroscopy.
In a second experiment, we report SPM and spectral broadening of our mid-infrared few-cycle pulses in different bulk materials [18, 19] . In contrast to fibers [29] , bulk materials are better scalable to higher pulse energies and average powers. The setup is similar as above but now without the sapphire filter. The parabolic mirrors have a slightly longer focal length (f 101.6 mm, MPD149-M01, Thorlabs), producing a focus with a diameter of 175 μm (1∕e 2 intensity) and a peak intensity of 92 GW∕cm 2 . The investigated bulk materials are 5 mm of KCl, 5 mm of CaF 2 , 2 mm of KBr, 5 mm of ZnSe and 5 mm of Ge, each placed into the beam under normal incidence. Figure 5 depicts the results. For KCl, CaF 2 and KBr we find no substantial effects at the given peak intensity. Figure 5(a) shows the results for ZnSe when moving the crystal through the focus position. Figure 5(b) shows the results for Ge. The change of the Fourier-limited pulse duration is plotted for the two crystals in Figs. 5(c) and 5(d) . From the spectra in Figs. 5(a) and 5(b) we see in both cases first an increase and afterwards a decrease of the broadening when moving the crystal through the focus. Interestingly, the spectral shapes are not symmetric with respect to the focus position and the most broadband spectrum is seen slightly after the focus for ZnSe and slightly before the focus for Ge. Both crystals are thick enough that spectral broadening, chirp and intensity changes occur simultaneously and affect each other [30] . The fact that the broadest spectrum is observed slightly after the focus for ZnSe and slightly before the focus for Ge is probably related to the different signs of first-order dispersion in these two materials (ZnSe, about −406 fs 2 ; Ge, about 567 fs 2 ) [31, 32] .
For ZnSe, the best broadened mid-infrared spectrum, plotted in Fig. 5(e) , supports a Fourier-limited pulse duration of 30.7 fs. For Ge, the best broadened spectrum is plotted in Fig. 5 (f ) and shows a Fourier limit of 24.8 fs. This value corresponds to a shortening of 27%. The spectral width at −20 dB intensity increases by 45% and now covers 27-68 THz in a coherent way. SPM causes mostly a smooth, quadratic spectral phase and compression to these Fourier limits, therefore, should be realistic with bulk materials, for example, GaAs [19] , or with chirped mid-infrared mirrors [33] .
A somewhat detrimental effect of Ge is a substantial drop of the mid-infrared transmission to ∼11% at maximum broadening. This loss is probably associated with multi-photon absorption owning to Ge's low bandgap of 0.66 eV [34] . However, no long-term damage was observed, and the spectrally broadened output pulses still have 44 nJ of pulse energy and an average power of 2.2 mW, making them useful for spectroscopy or further nonlinear conversions.
In summary, the reported two results on SHG and SPM show that nonlinear optics with driving pulses in the long-wave midinfrared region of the spectrum is feasible, easy, and efficient. The SHG spectrum obtained at the reported conditions covers an interesting spectral region for applications in molecular spectroscopy. In particular, the spectral coverage of high-sensitivity, highpower, field-resolved spectroscopy of biofluids [12] could be extended from the spectral regions of nucleic acids and carbohydrates to those of proteins and lipids [35] . The ability to cover novel spectral ranges in new ways with modern mid-infrared lasers will potentially also open up advanced possibilities in electron-beam control [7] [8] [9] [10] , sub-cycle electron microscopy [36] , or high-field attosecond science [1] [2] [3] [4] 37, 38] .
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